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Ga12xMnxAs layers with Mn composition of up to 6.2% are investigated by cross-sectional
scanning tunneling microscopy and spectroscopy. We identify in the tunneling spectra contributions
from MnGa
2 acceptor states, compensating AsGa
21 donor states, and additional compensating donor
states, which we suggest to be Mni
21 interstitials. On basis of the observed Fermi level shift and a
charge carrier compensation analysis, we deduce the concentration of Mni
21 interstitials.
Furthermore, scanning tunneling microscopy images suggest an inhomogeneous distribution of Mn
dopant atoms. © 2003 American Institute of Physics. @DOI: 10.1063/1.1522821#The use of the spin of electrons in future electronic de-
vices gained considerable interest with the discovery of di-
luted magnetic semiconductors, such as highly Mn-doped
GaAs.1,2 Ga12xMnxAs becomes ferromagnetic even for low
Mn concentrations3 and is perfectly compatible with the
III–V semiconductor epitaxy. In order to achieve high di-
luted Mn concentrations without MnAs precipitates, the
Ga12xMnxAs is commonly grown by molecular beam epi-
taxy ~MBE! at low temperatures around 250 °C. However, at
such low growth temperatures, a very high density of arsenic
antisite defects (AsGa) is incorporated due to an excess of
anions. This leads to heavy compensation effects of the Mn
dopants acting as shallow acceptors on Ga lattice sites in
GaAs.4 Nevertheless, with increasing Mn concentration one
should expect that the material is increasingly becoming
p-type, once the Mn concentration is larger than the antisite
concentration ~i.e., .131020 cm23.)5 However, for Mn
concentrations above about 131021 cm23 the Ga12xMnxAs
loses its p-type character.3 Therefore there must be another
compensation mechanism.
In order to identify this additional compensation mecha-
nism, we investigate Ga12xMnxAs layers with the Mn con-
centration x ranging from 0% to 6.2% by cross-sectional
scanning tunneling microscopy ~STM! and spectroscopy. We
identify in the tunneling spectra contributions from MnGa
2
acceptor states, AsGa
21 donor states, and additional donor
states. Moreover, we observe a Fermi level shift toward
p-type material with increasing Mn concentration up to about
5% Mn. Above 5% Mn, the Fermi level shifts back toward
midgap. This behavior is explained by the presence of the
additional donor states, which we suggest to be Mni
21 inter-
stitials. Finally, STM images show that the electronic struc-
ture fluctuates on the scale of 5 nm in the highly Mn con-
taining material, suggesting an inhomogeneous distribution
of Mn dopant atoms.
The Ga12xMnxAs layers investigated here were grown7120003-6951/2003/82(5)/712/3/$20.00
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by a 300-nm-thick Be doped and 20-nm-thick undoped GaAs
buffer layer grown both at 600 °C. The substrate temperature
was then cooled down to 255 °C and a 60-nm-thick
Ga12xMnxAs layer was deposited. Different samples were
grown with Mn composition x ranging from 0% to 6.2%.
Finally, a 100-nm-thick GaAs cap layer was grown at
255 °C. The samples were cleaved in situ in ultrahigh
vacuum with a base pressure ,731029 Pa to expose a
~110! cross-sectional surface for STM analysis. The electro-
chemically etched W tips were prepared in ultrahigh vacuum
by annealing and self-sputtering. The spectroscopic measure-
ments were acquired at room temperature with variable tip-
sample separations as proposed by Martensson and
Feenstra.6
Figure 1 shows typical constant-current STM images of
Ga12xMnxAs layers. The fine vertical lines are the As atomic
rows in @1–10# direction. Compared to the GaAs buffer lay-
FIG. 1. STM images showing Ga12xMnxAs layers with Mn compositions of
~a! x50.5% and ~b! x56.2% and the underlying buffer layer. The tunneling
conditions were ~a! 22.00 V and 80 pA and ~b! 21.75 V and 40 pA. The
gray scale ranges from 0 ~black! to 2.5 Å ~white!.© 2003 American Institute of Physics
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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observed in the Ga12xMnxAs layers. These are arsenic anti-
site defects ~marked AsGa) and MnGa dopants.5 At high Mn
compositions, the Ga12xMnxAs layers exhibit a pronounced
fluctuation of the contrast on the scale of 5 nm. This is dis-
cussed later. On the Ga12xMnxAs layers, we acquired tun-
neling current–voltage (I – V) spectra from which we ex-
tracted d ln I/d ln V as a value for the density of states ~Fig. 2!
for the different Mn compositions. Each spectrum exhibits
on the right-hand side at positive voltages and on the left-
hand side at negative voltages the conduction band and va-
lence band states, respectively. In between the spectra a band
gap region is displayed, which is reduced with increasing Mn
composition. In addition, we find a number of states in the
band gap, depending on the Mn concentration. With no Mn
@Fig. 2~a!# the low temperature-GaAs layer exhibits a pro-
nounced band of midgap states, associated with the presence
of antisite defects7 in concentrations of 1.731020 cm23 as
measured in STM images.5 A small concentration of Mn
~0.5%! shifts the Fermi energy into the AsGa band, splitting
the defect band in an occupied and empty part, appearing as
two states in the spectrum ~b!.7 With further increasing Mn
concentration up to 3.2%, the Fermi energy is shifted toward
the valence band. Thus the AsGa band is completely emptied
and contributes to the density of empty states visible in the
band gap @Figs. 2~c!–2~f!#. Simultaneously, the density of
states ~DOS! at the valence band edge changes. Additional
states appear, which are associated with a band of Mn accep-
tors. This is corroborated by a calculation of the DOS for
different Mn compositions ~Fig. 3!. The calculation in the
tight-binding approximation simulates the perturbation po-
tential arising from the charged Mn atoms by setting a nega-
tive unit charge on one Ga atom in a supercell. In order to
keep each supercell neutral, a uniform positive background
charge density was introduced. The Mn acceptor induced
band overlaps completely with the GaAs valence band edge,
such that the band gap is effectively reduced as visible in the
calculated and measured spectra.
The spectra in Fig. 2 show furthermore that the Fermi
FIG. 2. Tunneling spectra acquired on Ga12xMnxAs layers for Mn compo-
sitions of ~a! 0% ~Ref. 5!, ~b! 0.5% ~Ref. 5!, ~c! 2.8% ~d! 3.2%, ~e! 5.2%,
and ~f! 6.2%. The valence-band maximum EV and the conduction band
minimum EC of GaAs and Ga93.8Mn6.2As are indicated by solid lines. The
horizontal lines show the zero level of each spectrum, which are shifted for
clarity. The Fermi energy of each sample is located at 0 V.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tolevel EF shifts with the Mn composition @Fig. 4~a!#: first EF
shifts toward the valence band (EC2EF increases! with in-
creasing Mn concentrations of up to 5%. Above 5% Mn, EF
shifts back toward midgap. This behavior correlates well
with the Mn composition dependence of the variation of the
ferromagnetic transition temperature.3 Obviously the
changes in p-type character of the layers are associated with
a compensation by defects. However, a single defect, such as
the antisite defect, is insufficient to explain the observed
shifts of Fermi energy. Indeed, with increasing Mn, the com-
petition of Mn with the excess As for Ga lattice sites should
reduce rather than increase the antisite defect concentration.
Thus we need another donor state, which appears at high Mn
concentrations and compensates the Mn acceptors. Because
of the competition between excess As and Mn in their incor-
poration on Ga lattice sites, it is conceivable that at high Mn
concentrations Mn is not only substitionally incorporated,
but also on interstitial sites. Arsenic vacancies or Ga antisite
defects cannot be expected to occur in high concentrations,
because of the excess As. Ga vacancies would also be occu-
pied by Mn or As, such that their concentrations should be
negligible. Thus Mni interstitials are the most natural defects
which could act as double donors8 and their concentration is
directly connected with the Mn concentration. The most
FIG. 3. Calculated density of states of the valence and conduction band for
Ga12xMnxAs with different Mn concentrations. The spectra are shifted for
clarity and were calculated with no compensating donors.
FIG. 4. ~a! Shift of the Fermi level EF relative to the conduction band edge
EC and ~b! derived fraction of Mn incorporated on interstitial sites as a
function of the Mn composition of the Ga12xMnxAs layer. AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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occupies a tetrahedral interstitial position surrounded by
anions.8
This situation can be modeled in terms of a charge bal-
ance. The charge balance n-p includes the charges induced
by the single AsGa
1 antisite donor, the double AsGa
12 antisite
donor, the MnGa
2 acceptor, and the Mni
12 interstitial double
donor. Taking the positions of the Fermi energy from the
tunneling spectra @Fig. 4~a!#, we calculated the occupancy
probabilities for the different charge states of the antisite
defects using 0.52 and 0.75 eV for the charge transfer levels
~0/1! and ~1/11!, respectively, relative to EC .9 With this
information, we extracted the fraction of Mn incorporated on
interstitial sites, assuming a constant antisite defect concen-
tration of 1.731020 cm23 as measured in the STM images of
the 0.5% Mn-doped layer. The resulting data in Fig. 4~b!
show that the Mni
12 concentration increases up to about a
quarter of all Mn in the sample. This result corroborates the
expectation that with increasing Mn concentration, the con-
centration of the Mni
12 increases. A close look at the density
of empty states in the band gap of the spectra in Figs. 2~d!,
and 2~e! suggests indeed a higher donor density than only
that of the antisite defect @compare with Fig. 2~a!#. This is
also in favor of the presence of Mn-derived donors.
At this stage we address the spatial distribution of the
Mn in Ga12xMnxAs. Figure 1~b! shows that on top of the
individual atomic rows, fluctuations of the apparent local
density of states near the top of the valence band exist on the
scale of 5 nm. As pointed out earlier the DOS at the top of
the valence band is mostly due to acceptor states of MnGa .
Thus, the fluctuations of the electronic properties can be cor-
related with fluctuations of the Mn dopant concentration,
similar to observations in Zn-doped GaAs.10 In term of ma-
terials properties, this is a key observation in order to im-
prove our ability to incorporate reproducibly dopant atoms
with controlled concentrations and spatial distributions, as
requested for nanometer scale devices.
In conclusion, cross-sectional scanning tunneling mi-Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tocroscopy and spectroscopy of Ga12xMnxAs layers with the
Mn concentration ranging from 0% to 6.2%, was used to
investigate the compensation of Mn acceptors in
Ga12xMnxAs. The tunneling spectra exhibit contributions
from MnGa
2 acceptor states, AsGa
21 donor states, and additional
donor states, which we suggest to be Mni
21 interstitials. Us-
ing the Fermi level shift behavior observed in the tunneling
spectra, we extracted that the concentration of Mni
21 inter-
stitials increases up to about one quarter of all Mn incorpo-
rated. Finally, scanning tunneling microscopy images show
that the electronic structure fluctuates on the scale of 5 nm in
the highly Mn containing material, suggesting an inhomoge-
neous distribution of Mn-dopant atoms.
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